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EXPERIMENTAL INVESTIGATION IN AN 
ANNULAR CASCADE SECTOR OF HIGHLY LOADED 

TURBINE  STATOR BLADING 

BY J. L. Bettner 
Allison  Division of General  Motors 

SUMMARY  AND CONCLUSIONS 
$, 
i 
\ Two  tangential  jet  blade  configurations  have  been  tested  in a six-blade 

B annular  cascade. A plain  blade,  designed  to  the  same  aerodynamic  re- 
quirements, was  tested  for  comparison.  The two tangential  jet  configura- 
tions  differed by and  were  identified  by  the  axial  position of the  jet  slot. 
The  slot was  located  at  approximately 3870 of the  axial  chord  for  the No. 1 
blade and at  about 5770 for  the No., 2 blade.  The  tangential  jet  blade s u r -  
face  contours  were  identical  to  the  plain  blade,  except  in  the  aft  suction 
surface  region  which  was  modified to accommodate  the  jet  slots.  Three 
jet   slot   sizes of 0. 020, 0.030, and 0. 040 in. with three  secondary flow 
rates  for  each  slot  were  investigated  for both No. 1 and 2 blades. All 
configurations  were  tested  at  the  design  values of inlet  gas  angle  and 
Mach  number.  The  combinations of jet  slot  height and secondary flow 
rates  produced a range of mean  section  jet  momentum  coefficient,  CjmJ 
values of up  to 0. 085. The  momentum  coefficient is the  ratio of 
jet-to-total-stream  momentum  that  exists at the  blade  trailing  edge  and 
is defined as 

Neither of the two tangential  jet  blades  achieved  all of design point aero- 
dynamic  conditions,  although  the  effectiveness in  increasing  suction  surface 
diffusion  and  preventing  flow  separation  was  demonstrated.  That  the  design 
conditions  were not satisfied  points out  that (1) the  incorporation of tangential 
jets  in  turbomachine  blade  rows is a difficult  and  subtle  design  problem  and 
(2)  insufficient  design  information  currently  exists.  The  contribution of the 
present  investigation  lies  in  the  fact  that  it  provides: 

0 Some  insight as to  where  to  locate  tangential  jet  slots  for  maximum 
effectiveness 

0 Information  as to how much  secondary flow momentum  must  be  supplied 
for  the  mainstream flow to  be  able  to  negotiate a given adverse  pres-  
sure  gradient 

The  tangential  jet  blades  were  designed  such  that  the No. 1 and No. 2 
slots would be  located  upstream  and  downstream,  respectively, of the  plain 
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blade  separation  point.  However,  the  experimental  location of the  plain 
blade  suction  surface  flow  separation  point  occurred  downstream of i ts  
predicted  location.  Because of this,  both No. 1 and 2 tangential  jet  slots 
were  actually  positioned  upstream of the  plain  blade  flow  separation  point. 

The No. 1 blade  required  from 4 to 5% secondary  flow  to  prevent  suc- 
tion  surface  flow  separation  while  the No. 2 blade  needed  only  about 3%. 
This was  2. resul t  of the  more  severe  adverse  pressure  gradient which 
existed  downstream of the No. 1 slot.  However,  the  blade  cavity  pres- 
sure  ratio  required  to  supply  the  necessary  secondary flow w a s  less for 
the No. 1 blade  than  for  the No. 2 blade.  This was  primarily  caused by 
the  differences  in  static  pressure  that  existed  at  the  slot  exit  for  the two jet 
configurations. 

The  aerodynamic  performance of the No.  1 blade was  superior  to  that 
of the No. 2 blade  in  that  it  more  closely  approached  the  coincident  satis- 
faction of gas  angle,  lift,  lift  coefficient,  and  loss  levels.  The  trailing 
edge loss levels  were  over 50% greater  for  the No. 2 blade  than  they  were 
for  the No. 1 blade. 

Even  though  the  capability  in  preventing  flow  separation was  demon- 
strated,  incorporation of the  tangential  jet  on  the  suction  surface did  not 
produce a blade  which  had  improved  performance  over  the  plain  blade. 
Secondary  flows of 470 and  greater  were  required  to  produce  tangential  lift 
coefficient  values,  gas  turning,  and  suction  surface  diffusion  value  levels 
that  were  equivalent to the  plain  blade.  The  tangential  jet  blades, as de- 
signed  herein,  have  the  inherent  deficiency of promoting flow separation 
at  the  slot  lip.  The  losses  associated  with  this  separation  must  first be 
overcome with substantial  amounts of secondary flow before  the  prime  func 
tion of reenergizing  the  conventional  boundary  layer  can  be  accomplished. 
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INTRODUCTION 

Increasing  interest  in  developing  lightweight,  highly  loaded  gas  turbine 
engines  confronts  the  designer with  the  problem of maintaining a high  level 
of engine  performance. One cause of performance loss in  present  engines 
is the  condition of the  gas  flow  separating  from  the  blading  surfaces. When 
flow separation is experienced  in a blade  passage,  there is a loss in  avail- 
able  kinetic  energy,  mixing  losses  are  increased,  and  the  desired  change 
in  tangential  momentum of the  gas is not attained.  The  use of boundary 
layer  control  devices  offers a possible  means of preventing flow separation 
in  maintaining  performance  in  turbomachinery.  The NASA-Lewis Re- 
search  Laboratory  contracted  Allison  Division of General  Motors  to  conduct 
an  experimental  research  program  to  evaluate  the  aerodynamic  performance 
of highly  loaded  turbine  stator  blades  incorporating  several  kinds of boundary 
layer  control  devices.  The  following  four  concepts  are  being  investigated: 

0 Vortex  generators 
0 Tandem  airfoils 
0 Jet-flapped  blowing 
0 Tangential  jet  blowing 

This  report  covers  the  performance  evaluation of the  tangential  jet  con- 
cept of boundary  layer  control. Two axial  locations of the  jet  slot-ap- 
proximately  at 38 and 5’7% of the  axial  chord-were  investigated. For  each 
slot  axial  location  three  jet  heights, with three  secondary flow rates   for  
each  jet  height,  were  investigated. Al l  configurations  were  tested  at  the 
design  values of inlet  gas  angle and Mach  number.  Blade  surface  static 
pressure and  velocity  distributions  along  with flow visualization  results, 
aerodynamic loss, and  boundary  layer  data  are  presented. 

The  analysis and  design of all the  blade  configurations  are  presented 
in  Volume I. The  program  base-line  level of aerodynamic  performance 
generated  by a plain  blade  and  the  subsequent  evaluation of a corotating 
vane  and a triangular  plow-type  vortex  generator  with  respect  to  plain 
blade  performance  are  established  in  Volume 11. Volume 111 presents  the 
aerodynamic  evaluation of the  tandem  blade.  The  aerodynamic  perfor- 
mance of the  jet  flap  configuration is presented  in  Volume IV. 
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SYMBOLS 

A 

DS 

- 
e 

F 

H 

hb 

I 

- 

M 

m 

0 

P 

R 

S 

T 

te 

t l  

U. 
J 

area, in. 2 

jet  momentum  coefficient 

blade  axial  chord,  in. 

(W/Wcr)2 
suction  surface  diffusion  factor, 1 - 

(W/Wcr)max 

kinetic  energy  loss  coefficient 

force,  lbf 

Ibm ft  
acceleration of gravity, - - 

Ibf s e c  2 

boundary  layer  shape  factor 

jet-flap  slot  size, in. 

blade  length,  in. 

Mach  number 

mass flow  rate, lb,/sec 

throat  dimension,  in. 

pressure,   psia 
91 

radial  position,  in. ; Reaction, R, = 1 - 

blade  spacing,  in. 

temperature, OR 

blade  trailing  edge  radius,  in. 

blade  leading  edge  radius,  in. 

jet  velocity,  ft  /sec 
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W 

X 

a 

B 

A 

6 0  

6 ”  

0 c r  

e *  

e 

mainstream flow  velocity,  ft  /sec 

axial  coordinate 

tangential  jet  slot  angle  measured  from  axial,  degrees 

gas  angle  measured  from  tangential,  degrees 

change  in  variable 

ra t io  of blade  cavity air total  pressure  to  standard  sea  level  conditions 

ratio of inlet air total  pressure  to  standard  sea  level  conditions 

dimensionless  boundary  layer  displacement  thickness 

squared  ratio of critical  velocity  at  blade  row  inlet  to  critical  velocity 
at  standard  sea  level  temperature 

dimensionless  boundary  layer  momentum  thickness 

circumferential  position,  degrees 

P density,  lbm  /ft3 

ux axial  chord  solidity,  Cx/s 

9 gas  angle  measured  from  axial,  degrees 

+ tangential l i f t  coefficient 

0 total  pressure  loss  coefficient - 

Subscripts 

0 station  at  stator  inlet 

1 station  at  blade  throat 

2 station  immediately  upstream of trailing  edge  inside  blade  passage 

3 station  immediately  downstream of blade  trailing  edge 

4 station two inches  (measured from the  axial  direction)  downstream of 
the  blade  trailing  edge 
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Baro  barometric  conditions 
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ma 
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s t  
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T J1 

T 52  
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U 

X 

Y 

conditions  at  Mach  number of unity 

hub 

blade  interior 

jet  

local,  lower  limit of integration 

mean 

mass  averaged 

overall 

pr imary 

pressure  surface 

suction  surface 

static 

total 

tangential  jet No. 1 

tangential  jet No. 2 

tip 

tangential  velocity,  upper  limit of integration 

axial  component 

tangential  direction 
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TANGENTIAL JET BLADE PERFORMANCE 

The  concept of boundary  layer  control  with a tangential  jet is to  ener- 
gize  the  boundary  layer  region  with a high  energy  tangentially blown jet. 
Energy  addition  into  this  region  should  allow  the  boundary  layer  fluid  to 
proceed  further  into  an  adverse  pressure  gradient  before  experiencing 
flow separation  than  an unblown or conventional  boundary  layer flow. 

The  six-blade  annular  cascade  assemblies of tangential  jet No. 1 and 
2 configurations  are  shown  in  Figures 1 and 2, respectively.  Design  and 
performance  results of the  program  base-line  plain  blade  are  presented 
in  References 1 and 2. The  tangential  jet  blades  were  designed to  have 
surface  contours  identical  to  the  plain  blade  except  in  the  aft  suction  sur- 
face  region  which was  modified  to  accommodate  the  tangential  jet  slot 
step.  The only difference  between  the two jet  configurations  was  the  axial 
location of the  jet  slot.  The  location of the jet slots,  as  the  function of 
percent axial chord, is as follows: 

Tangential  jet  slot  position (70 C,) 

Hub Mean  Tip - - 
Tangential  jet No. 1 39.56 38.30 37.91 
Tangential  jet No. 2 58.24 56.  51 55.49 

These  blades  were  designed s o  that  the No. 1 jet  configuration  was lo- 
cated  slightly  upstream of the  predicted  plain  blade  point of flow separation. 
The No. 2 jet  configuration  was  designed  to be blowing  into a separated 
flow region.  Blade  section  profiles  and  relative  position  with  adjacent 
airfoils  for  both  jet  configurations  are  shown  in  Figure 3. 

The  cavity  inside the blades  was  fed  through  the hub section  from a 
plenum  chamber  located  below  the  blade  base.  Bench  tests on individual 
tangential  jet  blades  demonstrated  that  the  secondary  jet flow  had  a large 
positive  radial  component.  The  blades  were  designed on  the premise  that 
when a particle of jet  fluid  left  the  jet  slot  at a particular  radial  location, it 
remained  at  the  radial  location  and moved  only  in  the  axial-tangential  plane. 
The  internal  geometry of the  airfoils had  to  be  modified  to  minimize  this 
radial  component  to  produce a more  satisfactory  distribution of jet  velocity. 
This  change  was  accomplished by blanking off the  portion of the  available 
flow area  in  the  region of the  jet  slot  at  the hub section which forced  the 
flow  to 'bleed"  through a porous  metal  baffle  that  was  positioned  along  the 
blade  length.  The  baffle is shown  installed  in  the  blade  in  Figure 4. Be- 
cause  the  blade was  capped  at  the  tip  section,  the  secondary flow  tended  to 
stagnate on the  upstream  side of the  baffle,  pass  through  the  holes  in  the 
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baffle  in a nearly  circumferential  direction,  and  then  flow  out  through  the  jet 
slot. A 0.030-in. dia  hole  was  drilled  in  the hub section  blank  material 
to  keep  from  starving  the  hub  cavity  region of secondary flow. A line of 
lampblack-mineral  oil  fluid was placed  immediately  downstream of the  slot 
on a jet No. 1 configuration  which was  bench  tested  in  st i l l   air   surround- 
ings.  The  resulting  suction  surface  flow  pattern  (Figure 5) indicated  that 
a satisfactory  radial  distribution of jet  velocity  existed  at  the  jet  slot. 

Blade No. 3 was  instrumented  with  static  pressure  taps  primarily on 
the hub, mean,  and  tip  sections of its  suction  surface,  while  blade No. 4 
was  similarly  instrumented on i ts   pressure  surface.   This  arrangement of 
static  pressure  taps  permitted  definition of the  blade  surface  static  pres- 
sure  distribution  through the center  passage of the  cascade.  Design  data 
for  the  tangential  jet  blades  and  the  plain  blade  are  given  in  Table I. Ex- 
perimental  data  for all of the  tangential  jet  configurations  and  the  plain 
blade are  presented  in  Tables I1 and 111. The  leading  edges of blades No. 
1 and 6 were  matched  to a se t  of inlet  guide  walls,  contoured  to  generate 
a free  vortex flow immediately  upstream of the  blade  row.  The  plain  blade 
was  tested  both  with  and  without  contoured  exit  guide  walls. No exit  guide 
walls  were  used on the  tangential  jet  blade  tests.  Details of the  guide  walls 
and  the  test  rig  are  given  in  Reference 1. The  aft  end of the  test   r ig with 
a plain  blade  mounted  in  position is shown  in  Figure 6. 

As listed  in  Tables VI1 and IX of Reference 1, the  design  values of 
secondary flow for  each  jet  slot  were  to  be: 

Jet   slot  
size  (in.) 

Design  jet flow rhj/mp (70) 

Tangential Tangential 
jet No. 1 jet No. 2 

0.020 2.59 3.05 
0.030 4.17 4 .62  
0.040 5. 72 6 .20  

Experimental  results  for  three  secondary flow rates  for  each  slot   size 
were  obtained.  The  design  values of the  secondary flow were  achieved  for 
the No. 1 configuration.  However,  attainment of the  limiting  cavity  total 
pressure  at  relatively  small  values of secondary flow restricted  the  sec- 
ondary  flow  rates  to only  about 4'7'0 of the  primary flow for  the  tangential 
jet No. 2 blade.  The  values of secondary flow  obtained  experimentally 
were: 
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Experimental   jet  flow rhj /hP (70) 

Tangential 
je t  No. 1 

Jet slot  
s ize  (in. 1 

0.020 

0 .030  

0.040 

1 .00  
2 .60  
4 .00  

2. 5 0  
4 .10  
6 .30  

3 . 9 8  
5. 62 
7.44 

Tangential 
jet  No. 2 

1 .96  
3.02 
3 .54  

2.00 
2.99 
4.02 

2.00 
3 . 0 0  
4 .00  

Information  concerning  the  kind of instrumentation  and  associated  ac- 
curacy is presented  in  Reference 1. Actual  conduct of the  test  and  data 
reduction  procedure is delineated  in  Reference 2. 

VELOCITY AND PRESSURE DISTRIBUTIONS 

Surface  Velocity  Distribution 

The hub, mean,  and  tip  section  surface  velocity  distributions  for  the 
tangential  jet No. 1 configurations  are  shown  in Figure 7. Similarly, 
Figure 8 shows  the  surface  velocity  results  for  the No. 2 configuration. 
The  plain  blade  velocity  distributions  are  shown on Figures 9, 10, and 11. 

As  shown  in  Figure 12 for  the  mean  section,  the  diffusion  capability 
increased  with  secondary flow rate.  Approximately 77'0 secondary flow was  
required  to  develop  the  same  diffusion as did  the  plain  blade. However, the 
design  mean  section  value of 0 . 4  was  not  attained.  The  details  as  to how 
the  diffusion was  increased  are  examined  by  considering,  for  example,  the 
velocity  distributions  for  the 0.020-in. slot  configuration of Figure 7. A s  
the  secondary  flow w a s  increased,  an  increase  in  suction  surface  velocity 
immediately  upstream of the  slot w a s  observed  while  the flow decelerated 
in  the  trailing  edge  region. With  only 1% secondary flow, the  mainstream 
flow  separated  from  the  step on the  surface  at  the  slot  lip,  diffused  slightly 
into  the  increased flow area downstream of the  slot,  and  remained  in a 
strongly  separated  state  to  the  blade  trailing  edge.  This  condition is char- 
acterized by the  constant  value of 0. 90 for  the  velocity  ratio  downstream of 
the  slot  to  the  trailing  edge.  Separation of the  flow from  the  suction  sur- 
face  resulted  in a reduction of effective flow area which  produced  the 
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larger-than-design  velocity  ratios  at  the  blade  trailing  edge. As the  sec- 
ondary  flow was  increased,  the  boundary  layer was  progressively  energized 
to  the  point  where  the flow reattached  itself  to  the  suction  surface  immedi- 
ately  downstream of the  slot  and  remained  attached  to  the  trailing  edge 
region.  The  resulting  velocity  distributions  can  be  seen  in  Figure 7 to  be 
approaching  the  theoretical  (unseparated  flow)  velocity  distribution as the 
secondary flow is increased  from 1 to 2 .6% and,  finally,  to 4% of the  pri- 
mary  flow rate.  

Because  all  blade  configurations  were  tested  at  the  same  inlet  Mach 
number,  the  reattaching of the flow to  the  suction  surface  resulted  in  an 
increase  in flow a rea  with subsequent  decrease  in  free  stream  velocity, 
blade  row  reaction,  and  expansion  ratio. 

The No. 1 blade  mean  section  velocity  distributions of Figure 7 show 
that  between 4 and 570 secondary flow w a s  required  to  attain  (at  least  on  the 
aft 5070 of the  blade  chord)  the  theoretical  surface  velocity  distribution. 
The No. 2 blade  mean  section  results of Figure 8 show  that  only  about 3 to 
47'0 secondary  flow w a s  required  to  produce  the  design  suction  surface  ve- 
locity  distribution  in  the  aft  region of the  blade.  However,  the No. 2 blade 
pressure  surface  results  have  larger  values  and do not agree  as  well  with 
the  theoretical  predictions  as  those  for  the No. 1 blade. As w i l l  be  demon- 
strated  in  the  following  discussion,  less  lift w a s ,  therefore,  generated by 
the No. 2 blade. 

Surface  Pressure  Distribution 

The  surface  static  pressure  distributions  that  correspond  to  the  mean 
section  velocity  distributions  are  shown  in  Figure 13. The  tangential  force 
resulting  from  the  static  pressure  differential  per  unit  blade  length was 
computed by passing a smooth  curve  through  the  static  pressure  data  points 
and by graphically  determining  the  area  between  the  Pst  versus C, curves. 
The  total  lift on the  airfoil  mean  sections  was  considered  to  be  the  sum of 
the  lift as a result  of the  static  pressure  differential  and  the  change  in 
tangential  component of jet  momentum.  These  blade  forces  are  tabulated  in 
Table IV. 

Mean  section unit corrected  force  per pound of corrected  primary flow 
resu l t s   a re   p resented   as  a function of secondary flow rate  in  Figure 14. 
Also, a jet  momentum  coefficient  was  defined  as 

10 



where Wm re fe r s  to  the mainstream  velocity  that  existed  at  the  trailing 

edge  location;  the  subscript m  denotes  that  calculations  were  performed 
only  at  the  mean  section.  Bench  tests  showed  that a 17. 5 in. Hg pressure 
drop  existed  across  the  internal  baffle when  the  blade  cavity  pressure was  
maximum  at 60 in. Hg abs.  The  jet  velocity was  computed  by  assuming 
that  the  jet  expanded  from  the  total  pressure  just  upstream of the  slot (but 
downstream of the  internal  baffle)  to  the  static  pressure  at  the  slot  exit 
(shown  in  Figure 13 for  each  configuration).  These  jet  momentum  coeffi- 
cient  data  are  also  shown  in  Table V. The  mean  section  corrected  lorce 
data  are  plotted  against  jet  momentum  coefficient  in  Figure 15. These  re-  
sults show  that  with  increasing  secondary  flow  the  lift  generated on the a i r -  
foil  per pound of pr imary flow progressively  decreases with  the No. 1 con- 
figuration.  They  also show  that  for  the No. 2 jet  configuration  the  cor- 
rected  lift  was  at  least  constant  and  perhaps  even  increased  slightly  with 
secondary flow. This  was  primarily a result  of the  orientation of the No. 
2 jet on the  suction  surface  (Figure 3). The No. 2 jet  was able  to  efflux  jet 
flow more  in  the  tangential  direction  and  thus,  for  the  same  secondary flow 
rate,  contribute  more  to  the  total l if t  on  the airfoil  than  was  the No. 1 jet 
configuration.  This  observation is confirmed by Figure 16. Over  the  range 
of secondary  flows  investigated,  the No. 2 jet  contributed  to  the  total  lift 
on  the  airfoil  at a ra te  of approximately  three  times  that of the No. 1 con- 
figuration.  This  resulted  in  the  slope of the  corrected  total  force-secon- 
dary flow curves  being  less  negative  for  the No. 2 blade. 

3 

The  results of Figures 14 and  15  show  that  the No. 2 jet  configuration 
was less  effective  in  achieving  the  design  lift  than  was  the No. 1 jet  blade. 
The  loading  was  less on the No. 2 blade  because,  as is shown  in  Figure 45, 
the No. 2 blade  reaction  was  less.  The  reduced  reaction  may  have  been 
caused by the  throat  areas which were  larger  than  required. 

Tangential  Lift  Coefficient 

The  expansion  ratio  across  the  cascade  had  to  be  varied  to  maintain 
the  correct  inlet  Mach  number  for  each  tangential  jet  blade  test;  it  was  de- 
sirable,  therefore,  to  present  the  performance  results  in  terms of a param- 
eter  that would reflect  the  effects of a variable  expansion  ratio.  Such a 
parameter is the  mean  section  tangential  lift  coefficient, $tt , presented  in 
Figure 17  and  listed  in  Table V. m 
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$ is essentially  the  ratio of the  lift  generated  by  an  airfoil  to  the 
m 

total-to-static  pressure  drop  across  the  airfoil   and is defined as 

The  design  value of $ was  1.09  for  the  plain  blade.  The  effect of 
trn 

increasing  secondary flow  was to  cause a very  slightly  increasing  design 
value of $ for  the  tangential  jet  blades. 

tm 

The  results of Figure 17  were  obtained  by  dividing  the  corrected  tan- 
gential  force on the  airfoil by essentially  the  required  corrected  expansion 
ratio  across  the  cascade.  Both  the lift and  expansion  ratio  decreased  with 
increased  secondary flow  but  the  expansion  ratio  fell  at a faster  rate,   the 
net  result  being  an  increase  in $t with  increasing  secondary flow.  The 

design  value  was  satisfied by the No. 1 blade with approximately 6 %  sec-  
m 

ondary flow (c Z 0. 07). Again, i t   can be seen  in  Figure 1 7  that  the  tan- 
jm 

gential  jet No. 2 configuration  was  considerably  less  effective  in  achieving 
the  design  value  than w a s  the  tangential  jet No. 1 blade. 

The  plain  blade  passed  slightly  less  than  design  flow  at  less  than  de- 
sign  expansion  ratio.  It  also  generated  less  than  design  lift  as  shown by 
Figures 14 and 15. As  far  as  the  lift  coefficient is concerned,  however, 
the  design  value  was  satisfied. $ is also  presented  as a function of jet 

momentum  coefficient  in  Figure 18. 

tm 

FLOW  VISUALIZATION  RESULTS 

Suction  Surface  Separated Flow Patterns 

Application of the  lampblack-mineral  oil flow visualization  technique 
demonstrated  that  the  tangential  jet  concept  can  prevent flow separation 
from  occurring on blading  suction  surfaces.  Results  for  each of the No. 1 
jet  blade  configurations  tested  are  presented  in  Figures 1 9  through 28 and 
results  for  the No. 2 blade a r e  shown  in  Figures 2 9  through  37.  Flow  vi- 
sualization  results  for  the  plain  blade  are  shown  in  Figure 38. It  can be 
seen  from  Figure 38  that  flow  separation  occurred on  the  plain  blade  suc- 
tion  surface.  However,  the  actual  location of the  separated  region  was  far 
enough  downstream of the  predicted  location  that  both  tangential  jet  slots 
were  upstream of the  separation  point.  The  separated flow regions  that 
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w e r e  eliminated  by  the  tangential  jets were those  created  by  the  jet  slot 
step.  These  results  show  that  between 4 and 570 secondary  flow (C ", 0.04 

to  0.05)  was  required  for  the No. 1 jet  blade  to  prevent  flow  separation, 
while  only  about 3 70 secondary  flow ( C .  Z 0.035) was required for the No. 

2 blade.  This is the  direct   result  of having a less severe  adverse  pres-  
sure  gradient on the  suction  surface  from  the  slot   to  the  trail ing  edge  on 
the No. 2 jet  blade  than  the No. 1 jet  blade.  Since  blade No. 2 had  the  less 
severe  adverse  pressure  gradient  to  negotiate,  it   could  prevent  flow  sepa- 
ration  from  occurring  with a lesser amount of secondary flow than  blade 
No. 1 required. 

jm 

Jm 

The  cavity  total  pressures  required  to  produce  the  secondary  flow 
ra t e s  are illustrated  in  Figure 39. The No. 2 jet  configuration  cavity  pres- 
sure  ratio-secondary flow rate  characterist ic  was far less  sensit ive  to  slot  
size  than was  the No. 1 jet  configuration. Also, the  cavity  pressure  ratio 
required  to  supply  the  necessary  secondary  flow was  less  for  the No. 1 
blade  than  for  the No. 2 blade.  This was  primarily  caused  by  the  higher 
static  pressure  that  existed  at  the No. 2 slot  exit. 

Pressure  Gradient  and  Secondary  Flow  Requirements 

Figure 40 presents  the  adverse  pressure  gradient  developed on the 
suction  surface  from the  jet  locations  to  the  trailing  edge of the  various 
jet  blade  configurations.  These  pressure  gradient  data  were  obtained  from 
Figure 13 and are   presented as a function of jet  momentum  coefficient. 
Based on  the surface  velocity  distribution  plots of Figures 7 and 8 and  the 
flow visualization  photographs  (Figures 19 through  37),  regions of C .  r e -  

J m  

quired  to  prevent flow separation  from  the  suction  surface  are  noted on 
Figure 40. For  instance,  with  the No. 1 jet  configuration, a corrected  ad- 
verse  pressure  gradient of 2 . 0  was  developed on the  suction  surface  and 
negotiated  (no  separation  with C .  Z 0. 042 (&I. /I% 2 470). Whereas, on 

the No. 2 blade a A P  / a  AXss. of approximately 1 . 7  was  generated 
J m  J P  

s t j  -3 3-3 

between  the  slot  location  and  the  trailing  edge  and  required C .  of about 
Jm 

0.034 (&Ij /hP 3 yo). 

These  data  provide  the  designer with some  insight as to what to  expect 
in  secondary  flow  requirements  to  negotiate a given  adverse  pressure  gradi- 
ent when the  tangential  jet is located  upstream of the  predicted  point of flow 
separation. 
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DOWNSTREAM GAS ANGLE AND TANGENTIAL VELOCIT'Y 

Average  Downstream  Gas  Angles 

A radial-circumferential  survey of total   temperature,   total   pressure,  
and  gas  angle was performed  in a plane  located 2 in.  downstream of the 
blade  trailing  edge. A typical  circumferential  variation of gas  angle  with 
increasing  secondary flow ra t e   a t  a fixed  radial  position is presented  in 
Figure 41.  In  general,  the  gas  angle  (measured  from  axial)  tends  to  in- 
crease with  increasing  secondary flow.  It may  also  be  observed  that when 
viewed  aft-looking-forward  the  circumferential  position of the  blade  wakes 
moves  slightly  in  the  counterclockwise  direction as the  secondary  flow  rate 
is increased. 

Gas  angle  data  such as that  shown  in  Figure 41 were  averaged  over 
each  circumferential  sweep to obtain  only  the  radial  variation of gas  angle 
as a function of slot  size  and  secondary flow rate  combinations.  These 
data  are  presented  in  Figures 42 and 43 for  the  two  tangential  jet  and  the 
plain  blades.  Included  in  these  figures is the  theoretical  distribution of 
downstream  gas  angle  for  the  respective  secondary flow rates.  These  data 
show  that,  in  general,  increased  gas  turning  was  accomplished by increas- 
ing  the  secondary flow rates.   This is further  demonstrated  in  Figure 44  
where  the  angles  at  the  mean  section  are  plotted as a function of secondary 
flow. These  data  show  that  turning is increased with  secondary flow  and 
the  design  value is achieved  with  between 4 and 5% secondary flow. The 
reason is not clear why the  tangential  jet No. 2, 0. 020-in.  slot  angle  data 
does not correlate with secondary flow rate  as well as the  other  jet  blade 
configurations. 

Change  in  Tangential  Velocity  and  Reaction  Across  Blade ~ ~ . -  Row 

The  tangential  jet  and  plain  blades  were  designed to accomplish  the 
same  change  in  tangential  velocity  across  the  blade  row.  Based on design 
inlet  gas  angles,  inlet  and  exit  critical  velocity  ratios,  including  loss  and 
downstream  gas  angle  measurements,  the  experimental  change  in  tangential 
velocity w a s  computed  and is compared  with  the  plain  blade  and  design 
values  in  Table VI. Positive  and  negative  deviation  in  Table VI represent,  
respectively,  greater  than  and  less  than  design  values of AWu across  the 
blade  row.  Table VI illustrates  that,  in  general: 

0 No. 1 blade  effected a larger  change  in  tangential  velocity  across  the 
blade  row  than  did  the No. 2 blade 

0 Correlation of AWu w a s  s imilar  to that of the  corrected  lift  (Figure 14) 
with  secondary flow for  both  the No. 1 and 2 jet  configurations  (That is, 
the  change  in  tangential  velocity  across  the  blade  row  decreased  for 
the No. 1 blade,  but  was  nearly  constant  for  the No. 2 blade as the 
secondary flow was  increased. ) 
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Nearly all of the  tangential  jet  configurations  were  deficient  in  satis- 
fying  the  design, AWu. The  configurations  that  most  nearly  satisfied  the 
design  values  were  the  small,  secondary  flows  through  the No. 1 blade 
0.020-in.  slot.  Figure 14  shows  that  these  configurations  also  most  nearly 
satisfied  the  design  corrected  force  values.  However,  Figure 44 showed 
that,  in  general,  the  greatest  discrepancy  between  measured  and  design  gas 
angle  occurred  at  the low values of secondary flow. Thus, i t  may  be  con- 
cluded  from  the  blade  lift  and AW, calculations  and  the  gas  angle  measure- 
ments  that  neither  the  tangential  jet No. 1 or No. 2 blades  satisfied  all of 
the  design  point  conditions. 

The  design  values of secondary  flow  for  the No. 1 jet  blade  were: 
L 

hb ( in . )  k j  / f ip  (70’0) 
0.020  2.59 
0.030 4. 17 
0.040  5.72 

Further,  the  design  value of reaction  across  the  blade  row was  22.35% 
at the  mean  section.  Figure 45 presents  the  experimental  values of blade 
row  reaction  as a function of percent  secondary flow  and  shows  that,  in 
general,  less  than  design  values  were  obtained. It can  be  observed, how- 
ever,  that  the  design  value  was  obtained  with  the  0.020-in.  slot  TJ1  con- 
figuration with its  design  secondary flow of 2.6%. However, i t  has  been 
previously  noted  that  flow  separation  at  the  slot  lip  with  the  resulting  large 
blockage  occurred in the  mainstream  passage  for  this  configuration  slot  size- 
secondary flow rate  combination.  Therefore,  it  may  be  concluded  that 
since  less  than  design  reaction was  obtained,  once  flow  separation  was  pre- 
vented  by  the  addition of secondary flow,  the  resulting  throat  passage  areas 
were  larger  than  required  to  achieve  the  design  velocity  diagrams.  The 
throat  area for the No. 2 jet  configuration  also  appears  to  have  been  too 
large  as  its  blade  row  reaction  was  even  less  than  the No. 1 blade. 

CONTOUR PLOTS 

Results  at  the  Blade  Trailing  Edge  (Station 3 )  

Total  pressure  radial-circumferential  surveys  were  performed  im- 
mediately  behind  the  blade  trailing  edge  for  the  purpose of determining  the 
Station 3 loss  and  boundary  layer  characteristics  for  each  blade  configura- 
tion. 

A typical  total   pressure  trace  result   for  the No. 1 tangential  jet 0.040- 
in.  slot  blade  with  four  values of secondary  flow  at a radial  location of 
12 .  97 in. is shown  in  Figure 46. Similar  data  for  the  plain  blade  are  shown 
in  Figure 47. 
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Progressive  increase  in  the  amount of secondary  flow  appeared  to 
shrink  the  wake  in  both  the  circumferential  and  axial  directions. When 
viewed  aft-looking-forward,  the  circumferential  movement of the  wake w a s  
in  the  counterclockwise  direction.  There w a s  no  evidence of total   pressure 
excess  in  wakes of any of the  tangential  jet  blade  configurations.  Appar- 
ently,  sufficient  mixing of the  jet  and  freestream  had  taken  place  by  the 
time  the  flow  reached  the  trailing  edge  that  only  conventional  type  wakes 
of Figure 46 were  measurable. 

Data of the  type  shown  in  Figure 46 were  assembled  in  the  form of con- 
tour  plots of kinetic  energy loss coefficient  and are presented  in  Figures  48 
through 56 for the No. 1 blade  configuration  and  Figures 57 through  65  for 
the No. 2 blade.  Similar  plain  blade F data are  shown  in  Figure 66. A l l  of 
these  results  show  for a given  slot  size  for  both  the No. 1 and 2 blades  that 
the  circumferential  extent of the  high loss wake  region was  reduced as the 
secondary flow was  increased. It can  be  observed  that  the  hub  regions  for 
the No. 1 and 2 blades  are  quite  different. A fairly  large  region of moder- 
ately  large loss existed  in  the hub region  for  the No. 1 blade,  whereas  this 
was  a very low loss  region  for  the No. 2 blade.  It  may  also  be  observed 
from  Figures  54 and  65  for similar conditions of secondary  flow  and  jet 
slot  size  for  the No. 1 and 2 blades  that  the No. 2 blade  appeared  to  have a 
slightly  lower  overall loss level  than  did  the No. 1 blade.  This  condition 
is more  clearly  shown  in Figure 67 where  the  circumferential  distri- 
butions  in  the  neighborhood of the  trailing  edge  mean  section  are  presented 
for  the 0. 040-in.  jet  slot  and  approximately  4%  secondary  flow  for  the No. 
1 and 2 blades.  The  peak  loss  level  for  the No. 1 blade w a s  more  than  0.95 
but  only  about 0 .  80 for  the No. 2 blade. 

Results  Downstream of the  Blade  Trailing  Edge  (Station  4) 

Kinetic  Energy Loss Coefficient 
. .  ~~ 

Contour  plots of kinetic  energy loss coefficient  were  also  assembled 
from  the  total   pressure  surveys  performed  in  a plane 2 in.  (measured 
axially)  downstream of the  blade  trailing  edges.  These  results are shown 
in  Figures 68  through 76 for  the No. 1 blade  and  Figures 77 through  85  for 
the No. 2 blade.  Plain  blade  results  are  included  in Figure 86. There is 
nothing  substantially  different  between  these No. 1 and 2 jet  blade loss con- 
tour  plots.  Under similar circumstances of secondary  flow  and  slot  size 
the No. 1 and 2 blades  exhibited  about  the same wake  shape  and loss level. 
They  generally  show  that  for a fixed  slot  size  the  regions of larger   loss  
were  decreased 'by increased  secondary flow. They  also  show a la rger  1 oss 
region  very  near  the hub section,  but  this  has  been  attributed  to  the  flow 
separating  from  the  rig hub w a l l  casing  at  Station 4. 
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Downstream  Gas  Angle 

Contour  plots of the gas angle,  measured  from  the  axial  direction 2 in. 
downstream of the  trailing  edge,  are  shown  in  Figures 87 through  104  for 
all of the  tangential  jet  blade  configurations.  Figure  105  illustrates  the 
plain  blade  gas  angle  contour  plot.  The  theoretical  radial  distribution of 
the gas angle,  based  on a 470 loss  in total   pressure  across  the  cascade  and 
including  the  effects of mass  addition, is shown as the  right-hand  ordinate 
of Figures 87 through 104. These  plots  show how overturning of the  gas 
from  the  axial  direction  in  the  hub  region was experienced by all of the 
tangential  jet  configurations.  They  also  show  that  for a fixed  slot  size, 
increasing  the  secondary flow resulted  in  an  increase  in  turning  toward  the 
tangential  direction.  As  has  been  mentioned  earlier,  this  increase  in  turn- 
ing  toward  the  tangential  direction with increased  secondary flow is the 
result  of the  flow  reattaching  itself  to  the  suction  surface  downstream of 
the  slot.  The  only  region  in  which  the  plain  blade  experienced  design or 
overdesign  turning was  near  the hub section. 

MASS AVERAGED LOSS AND  BOUNDARY LAYER PARAMETERS 

Results  at  the  Blade  Trailing:  Edge  (Station 3 )  

Aerodynamic Loss Data 

Circumferentially  mass  averaged  values of F a t  each  radial  depth  were 
computed by Equation (6) of Reference 2 and a r e  shown  for  both  tangential 
jet and  plain  blades  in  Figures 106 and 107, respectively.  The  numerical 
integrations  were  performed  in  the  circumferential  direction  encompassing 
the  points of minimum  total  pressure  in  the  wakes of blades No. 3 and 4. 

For a given  slot  size,  the e results show  that,  in  general,  for  the  range 
of secondary flow rates  investigated,  increasing  the  amount of secondary 
flow decreased  the  circumferentially  mass  averaged loss level.  These  re- 
sults  substantiate  the  trends  shown  in  the  tangential  jet loss contour  plots 
because  the hub section w a s  a region of high loss for  the No. 1 blade  but  it 
was a r e s o n  of very low loss  for  the No. 2 blade.  The  reason for this is 
not clear.  The loss data of Figure 107 show  that  the  plain  blade  had  regions 
of large  loss  in  the  midspan  and  tip  regons.  The  plain  blade  hub  section 
loss, however,  was  quite  small.  These  results  also  agree with  the  trends 
described  by  the  plain  blade loss contour  plot of Figure 66. 

There is, however,  an  apparent  contradiction  between  these  mass 
averaged loss data  and  local  kinetic  energy loss distributions  presented 
ear l ier   in   Figure 67 for  the No. 1 and 2 blades  with  0.040-in.  jet  slots  and 
470 secondary flow.  In Figure 67 i t  w a s  shown  that on an  area-averaged 
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basis  the  loss  for  the No. 1 blade was greater  than it was  for  the No. 2 
blade.  However, i f  the  0.040-in.  slot,  4%  secondary  flow TJ1 and TJ2 loss 
levels of Figure 106 are  compared, it  is seen  that  on a mass  averaged 
basis  the  reverse  trend is indicated; (i. e.,  the loss for  blade No. 2 is la rger  
than  for  blade No. 1) .  This  circumstance is primarily  attributed  to  mass 
averaging of the  losses  using  the  distribution of mass  in  the  wakes of these 
two  blade  configurations.  The  distribution of mass  flow ra te   per  unit  depth 
in  the  midspan  region  for  these  two  configurations is shown  in  Figure 108. 
The  static  pressure  at  the  radial  positions  in  question  was  assumed  con- 
stant  in  the  circumferential  direction and  used  with  the  plenum  total  tem- 
perature  and  surveyed  total  pressure  to  compute  the  circumferential  dis- 
tribution of mass  flow per  unit  depth  shown  in  Figure 108. The  circum- 
ferentially  mass  averaged loss results  were  computed by an  expression of 
the  form 

J Wr d e  

The  numerator  represents  the  summation of the  product of the  local 
loss  coefficient  times  the  local  element of mass  flow per unit  depth.  The 
denominator  represents  the  mass flow per  unit  depth.  Since  the  denomi- 
nator of the  expression had nearly  the  same  value  for  both  the  tangential 
jet No. 1 and No. 2 blades,  the  answer as to why the No.  2 blade  had  the 
largest  mass  averaged loss level  must  lie  in  the  numerator of the  expres- 
sion. In order  for  the  integral of the  local loss t imes  mass flow  to  be 
largest  for  the No. 2 blade,  it  must  have  more mass in its wake since  the 
No. 2 local loss was less than  for  the No. 1 blade.  This  can  be  seen  to  be 
the  case  in  Figure 108. The  freestream  level of mass  flow per  unit  depth 
was  less  for  the No. 2 blade,  but i n  the wake region  the No. 2 blade  had 
the larger  amount of mass  flow. 

An overall flow passage  mass  averaged  value of kinetic  energy loss 
coefficient  was  computed  at  the  trailing  edges  (Station 3 )  of the No. 1 and 
2 blades  and is i l lustrated  as a function of the  amount of secondary flow in 
Figures 109  and  110, respectively. A fair  amount of scat ter  did exist  in 
these  computed F results and a curve  was  passed  through  the  points 

to  indicate  general  trends.  Examination of Figures 109 and  110  shows  that 
the loss level  for  both No. 1 and 2 blades  decreased  with  increasing  sec- 
ondary  flow.  Over  the  relatively  small  range of secondary  flows  tested  with 

Oama 
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the No. 2 blade,  the  loss  level was substantially  higher  than  it was  for  the 
No. 1 blade.  Figure  109  shows  from  the  general  trend  curve  that a No. 1 
blade  trailing  edge loss level  equivalent  to  that of the  plain  blade w a s  at- 
tained  with  about 4.0% secondary flow. This  corresponds  to a jet  momen- 
tum  coefficient of about 0. 04. A further  increase  in  the  amount of secon- 
dary flow  produced a loss  level  that was  less  than  that  for  the  plain  blade. 

Boundary  Laver  Parameters 

Radial  variation of the  displacement  thickness  and  the  boundary  layer 
shape  factor  are  shown  in  Figure 111 for  the  various  tangential  jet  blade 
configurations.  Similar  plain  blade  data  are  shown  in  Figure 112. In  gen- 
eral,  the  momentum  thickness  was  nearly  independent of the  effects of 
varying  jet  slot  size  and  amount of secondary flow rate.   This w a s  not  the 
case  for  the  displacement  thickness  which was  quite  sensitive  to  the  vari- 
ations of jet  slot  size  and  amounts of secondary flow.  It can  be  noted  that 
for a given  slot  size  across  nearly  the  entire  radial  span of the  blade  that 
the  displacement  thickness  shrank o r  thinned  out rather  markedly as the 
secondary flow w a s  increased. A s  the  jet  progressively  prevented flow 
separation  from  the  suction  surface and shrank  the  size of the  blade  wake, 
the  size of the  displacement  thickness  (which  reflects a blockage of the  flow 
path  area) was  likewise  reduced  in  size. 

The  boundary  layer  shape  factor (H = 6 / e ' )  results of Figure 113 
show  the  effects of the  tangential  jet  configurations  simultaneously on 8 
and e*. It  can  be  seen  that 6 * has  the  controlling  influence on H since 
e* was  nearly  unaffected  by  jet  slot  size  and flow rate  combinations.  These 
results  clearly  show how the  shape  factor, H, is progressively  reduced  as 
flow separation is inhibited  by  increasing  secondary flow. The  plain  blade 
H data of Figure 114 show  that when gross  separation is experienced on the 
suction  surface-as i t  w a s  on the  plain  blade-a  rather  erratic  radial 
variation  in H values  resulted.  This is seen to also be  the case  particu- 
larly with  the No. 1 jet  blade  and  was  only  overcome by relatively  large 
amounts of secondary flow (4.0% for  the  0.020-in.  slot and over 57'0 for  the 
larger  slot   sizes).   This w a s  not s o  much  the  case  for  the No. 2 jet  blade 
as its  suction  surface  adverse  pressure  gradient  downstream of the  slot was  
less  severe  than  that  for  the No. 1 blade.  Flow  separation was  prevented 
with a resulting  reasonably  smooth  radial  variation of H with  about 3 %  
secondary flow ( C .  =: 0.03 5). 

* J -  

Jm 
The effect of secondary  flow on the  boundary  layer  parameters of the 

No, 1 and 2 jet  blades is further  demonstrated by presenting only the  mean 
s$ction  and H as a function of &j/rhP  in  Figure 115.  They  show  that  both 
a m  and Hm are  consistently  smaller  for  the No. 2 blade.  Further, 8 and 
Hm decrease  in  magnitude  to  their  unseparated  values  at a fas te r   ra te  with 
increasing  secondary flow  than  they  do for  the No. 1 blade. 

* 
* 
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Results  Downstream of the  Blade  Trailing  Edge  (Station 4) 
-. - -~ ~ - .. . .~ - .. . - 

" 

Aerodynamic Loss Data 

Circumferentially  mass  averaged  kinetic  energy  loss  coefficients  were 
computed  at  each of the 10 surveyed  radial  positions  for  each  tangential 
jet  configuration  and  are  shown  in  Figure 116. Similar  plain  blade  results 
a r e  included as Figure 117 for  comparison  purposes.  These  tangential 
jet  data  show  that,  for a given  slot  size,  the  losses  decreased  slightly  with 
increased  secondary flow.  Also,  the  tangential  jet No. 2 blade  loss  ap- 
peared,  to a small  extent,  to  be  larger  than  the No. 1 blade.  The  losses 
both No. 1 and 2 blades  were  large  near  the  hub  section,  but  this is at- 
tributed  to  the flow separating off the  rig hub casing wal l  at  this  axial 
station. 

Even  though  the  performance  evaluation is somewhat  clouded  by  having 
the flow separate  from  the hub casing  wall,  overall  mass  averaged  kinetic 
energy loss coefficients  were  computed  for  the two tangential  jet  blades and 
are  i l lustrated  in  Figures 118  and 119. The  most  interesting  observation 
concerning  these  loss  data is that Z 

Oama 
is a fairly  strong  function of slot 

size  for  the No. 1 blade but not for  the No. 2 blade.  This  observation  holds 
whether  the iS is correlated  with I%./& as in   Figure 118 or with C .  . 

Oama J P  Jm 
The  reason why the loss is a function of the  slot  size  for  one  configuration 
but  not  the  other is not clear.   The  mass  averaged loss results of Figure 
119 show  that  at  least  at  small  secondary  flow  rates  the  loss  for  the No. 2 
blade is larger  than  that  for  the No. 1 blade. 

Boundary  Layer  Parameters 

Boundary  layer  displacemsnt  thicknesses  were  computed  at  Station 4 
for  the  various  tangential  jet  configurations  and  are  presented  in  Figure 
120. At this  axial  station  the  effects of s lot   s ize  and  secondary flow com- 
binations are   s l ight  on both  the  displacement  and  momentum  thickness.  They 
are  slightly  stronger on the  displacement  thickness. 

At this  axial  location all of the  tangential  jet  configurations  have  about 
the  same  size of displacement  thickness  which  decreases  very  slightly 
with increased  secondary flow. 

The  radial  variation of boundary  layer  shape  factor, H = 8 / e  , is 
shown in  Figure 1 2 1  for  the  various  tangential  jet  blade  configurations and 
in  Figure 1 2 2  for  the  plain  blade. H w a s  resonably  uniform  over  the  entire 
blade  span  and  decreased  from  about  1.5  to  1.3  for  the No. 1 blade  and 
from  1.3  to 1.1 for  the No. 2 blade as the  amount of secondary flow was  
increased. 

* *  
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SUMMARY OF TANGENTIAL JET BLADE  PERFORMANCE 

Two  tangential  jet  blade  configurations  have  been  tested  in a six-blade 
annular  cascade. A plain  blade,  designed  to  the  same  aerodynamic  re- 
quirements, was tested  for  comparison.  The two tangential  jet  configura- 
tions  differed by and  were  identified  by  the  axial  position of the  jet  slot. 
The  slot  was  located  at  approximately 38% of the  axial  chord  for  the No. 
1 blade  and a t  about 570/0 for  the No. 2 blade.  The  tangential  jet  blade 
surface  contours  were  identical  to  the  plain  blade,  except  in  the  aft  suc- 
tion  surface  region  which was  modified  to  accommodate  the  jet  slots. 
Three  je t   s lot   s izes  of 0.020, 0.030, and 0.040 in.  with  three  secondary 
flow rates  for  each  slot   were  investigated  for  both No. 1 and No. 2 blades. 
The  combinations of jet  slot  height  and  secondary flow rates  produced a 
range of mean  section  jet  momentum  coefficient, C , values of up to 

jm 
0. 085. The  momentum  coefficient is the  ratio of jet-to-total  stream  mo- 
mentum  that  exists  at  the  blade  trailing  edge  and is defined a s  

Neither of the two tangential  jet  blades  designed  and  tested  herein 
achieved  all of the  design  point  aerodynamic  conditions,  although  the  effec- 
tiveness of the  tangential  jet  concept  in  preventing flow separation  was 
demonstrated.  The  fact  that  the  design  conditions  were not satisfied  points 
up  the  following two problems. 

0 Incorporation of tangential  jets  in  turbomachine  blade  rows is a dif- 

0 Insufficient  design  information  currently  exists. 
ficult  and  subtle  design  problem. 

The  contribution of the  present  investigation  lies in  the  fact  that i t  provides 
some  insight  as  to  where  to  locate  tangential  jet  slots  for  maximum  effec- 
tiveness  and  supplies  information  as  to how much  secondary flow momen- 
tum is required  through a given  tangential  jet  slot  size  for  the  mainstream 
flow to  be  able  to  negotiate a given  adverse  pressure  gradient. 

The  following is a l ist  of the  outstanding  observed  design  and  perfor- 
mance  characteristics of the  subject  tangential  jet  blades. 

1. The  tangential  jet  blades  were  designed  such  that  the No. 1 and 2 
slots would be  located  upstream  and  downstream,  respectively, 
of the  plain  separation  point.  However,  the  experimental  loca- 
tion of the  plain  blade  suction  surface flow separation  point  oc- 
curred  downstream of its  predicted  location.  Because of this, 
both No. 1 and No. 2 tangential  jet  slots  were  actually  positioned 
upstream of the  plain  blade  flow  separation  point. 
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2. 

3.  

4. 

5. 

6. 

7. 

8. 

The No. 1 blade  required  from 4 to  5% secondary  flow  to  prevent 
suction  surface  flow  separation  while  the No. 2 blade  needed  only 
about 3%. This was  caused  by  the  more  severe  adverse  pres- 
sure  gradient  which  existed  downstream of the No. 1 slot. How- 
ever,  the  blade  cavity  pressure  ratio  required  to  supply  the  neces- 
sary  secondary flow was  less   for   the No. 1 blade  than  for  the No. 
2 blade.  This was primarily a result  of the  differences  in  static 
pressure  that  existed  at  the  slot  exit  for  the  two  jet  configura- 
tions. 

The  blade  row  expansion  ratio  and  reaction  decreased  with  in- 
creased  secondary  flow for both  tangential  jet  configurations.  The 
corrected  lift  decreased  for  the No. 1 blade  but  remained  essen- 
tially  constant  with  secondary  flow  for  the No. 2 blade.  This was  
attributed  to  the  orientation of the  jet on the  suction  surface  which 
allowed  the No. 2 jet  thrust  to  be a larger  percentage of the  total 
lift on the  airfoil  than  the No. 1 jet  thrust. 

Neither No. 1 nor 2 tangential  jet  blade  satisfied  the  design  cor- 
rected  lift  although  the  design  tangential  lift  coefficient was  s a t ’  1s- 
fied by the No. 1 blade  with  about 6% (Cj 0.07)  secondary  flow. 

m 

F o r  a given  tangential  jet  geometry of slot   size and axial  location, 
an  increase  in  secondary flow increased  the  blade  row  suction  sur- 
face  diffusion. 

For both  tangential  jet  configurations,  an  increase  in  jet flow  gen- 
erally  resulted  in  an  increase  in  gas  turning. 

Up to  nearly 7. 570 secondary flow was  available to the No. 1 jet 
blade,  whereas  because of attainment of the  limiting  cavity  pres- 
sure  this was  restricted  to 4.0% for  the No. 2 blade. 

The  aerodynamic  performance of the No. 1 blade was  superior  to 
that of the No. 2 blade  in  that  it   more  closely  approached  the  coin- 
cident  satisfaction of gas  angle,  lift,  lift  coefficient,  and  loss 
levels.  The loss at  the  trailing  edge of the No. 1 jet  configura- 
tion w a s  very  near  the  plain  blade loss level.  These  loss  levels 
were  over 50% greater  for  the No. 2 blade  than  they  were  for  the 
No. 1 blade. 

In  conclusion,  even  though  the  capability  in  preventing  flow  separation 
was  demonstrated,  incorporation of the  tangential  jet  on  the  suction  surface 
did  not 
blade. 
gential 

produce a blade  which  had  improved  performance  over  the  plain 
Secondary  flows of 4% and greater  were  required  to  produce  tan- 
lift  coefficient  values,  gas  turning,  and  suction  surface  diffusion 
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value  levels  that  were  equivalent  to  the  plain  blade.  The  tangential  jet 
blades, as designed  herein,  have  the  inherent  deficiency of promoting 
flow separation  at  the  slot  lip.  The  losses  associated  with  this  separa- 
tion  must  first  be  overcome  with  substantial  amounts of secondary flow 
before  the  prime  function of reenergizing  the  conventional  boundary  layer 
can  be  accomplished. 
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Table I. 

Design  data for the plain and tangential  jet  blades. 

Hub Mean Tip 

1 .365  1. 5925 1. 820 

1.01267 1.22367 1.44678 

. - 

1.348  1 .293   1 .258  

0. 5.40 3.610  0.690 

39.55  38.30  37.91 

0.795  0 .909  1 .010 

58.24 56.  51 55.49 

0.0546  0.0637  0.0728 

0.0175  0.0175  0.0175 

36 .08   41 .66   46 .37  

47.85  43.02  38.73 

0. 703 0. 623  0.572 

1.350  1 .189  1 .082 

0.799  0.707  0.647 
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Table 11. 

Experimental   results for tangential  jet No. 1 blade  and  plain  blade. 

Tangent ia l   je t  No. 1 blade 

Je t   s lo t  s ize ,  in. 

1.240 1.380  1.280  1.290 1.350  1.260  1.260 1.480  1.480  1.400 r a t e ,   l bm/sec  
Actual   pr imary  f low 

blade 3.98  5.62  7.44 2.50  4.10  6.30 1.00  2.60  4.00 Secondary  f low  ra te ,  70 
P l a i n  

0.040 0.030 0.020 

~ ~~~~ 

Equivalent   pr imary  f low 
rate,   lb, /sec  1.054  1.086  1.085  1.045  1.023  1.045  1.059  1.021  1.031  0.996 

P lenum  to t a l   p re s su re ,  
in.  Hg a b s  

29.487  29.421  29.421  29.368  29.368  29.301 29.200  29.288  29.228 in. Hg a b s  
B a r o m e t r i c   p r e s s u r e ,  

39.937  38.421  38.321 40.168  38.268  37.301 49.400  42.028  39.728 

PTo'Pst4h 1 1.507  1.465 1.400 1 1.394  1.333  1.313 1 1.383  1.333  1.330 1 1.288 

I 

'T0/'Baro 

P lenum  to t a l  

1.368  1.303  1.354  1.306 1.486  1 .435  1 .359 

560  560  555  554  551  550 t empera tu re ,  "R 

1.068  1.062  0.069  1.050  1.048  1.048 1 ::::I ::::: I 1 1.012 
1.247  1.335  1.284  1.281 I 1 .253 s o  1.450  1 .405 

I 

Actual   secondary  f low I1 
ra te ,   lbm/sec   0 .0148  0 .0385 0.0560 0.0337  0.0516  0.0794  0.0549  0.0719  0.0959 ' --- 

I 
Blade  cavi ty   total  

~ ~ ~ ~ ~ ~ ~ ~ , t ' ~ l #  1 554  544  543 1 560  554 Hub ' 0.695 0.707 0.701 0.707 0.705  0.707  0.695  0.696 0.701 0.703 

1 pressure ,   in .  Hg a b s  ~ 27.950  44.430  55.930 ~ 30.520  35.220  47.600  38.820  37.720  48.620 1 --- 
I. 

551 1 535  538  538 1 --- 
PT~/PT ,  0.6440  1.0571  1.4078  0.7598  0.9203  1.2761  0.9720  0.9817  1.2687 --- 

, 0. 650 
In l e t   c r i t i ca l  

0. 559 0.558 0. 552 0. 561 0.560  0.57 1 0.574  0.602  0.616  0.609 

0.633  0.645  0.626  0.636  0.641 0. 640  0.643  velocity  ratio  0.663  0.656 
I 



Tab le  111. 

E x p e r i m e n t a l   r e s u l t s  for tangent ia l   j e t  No. 2 blade  and  plain  blade.  

Tangential   jet  No. 2 blade 1 
Jet   s lot   s ize ,   in .  

0.996 1.059  1.058  1.063  1.029  1.029  1.030 1.081  1 .081  1 .104  ra te ,   lbm/sec 
Equivalent  primary  flow 

1.240 1.400  1.370  1.350  1.370  1.340  1.340 1.430  1.390  1.410  rate,   lbm/sec 
Actual  primary  f low 

blade  2.00  3.00  4.00 2.01  2.99  4.02 1.96  3.02  3.54 Secondary  flow  rate, % 
Pla in  

0.040  0.030 0.020 

~~ 

Plenum  total  
p ressure ,   in .  Hg abs  

29.646  29.646  29.615 in.  Hg  abs 
Baromet r i c   p re s su re ,  

39.660  38.630  37.880 39.943  38.820  38.487 40.150  39.350  39.160 

1.386  1.368  1.341 1.380  1.359  1.351 1.380  1.355  1.354 

29.264  28.933  28.977 29.543  29.320  29.387 

~ ~- 

37.481 

29.306 

1.288 

PTo lPBaro  1 1.354  1.327  1.322 I 1.352  1.324  1.310 I 1.355  1.335  1.307 1.279 

Plenum  total  
temperature ,  "R 

1.325  1.291  1.266 1.335  1.297  1.286 1.342  1.315  1.309 SO 

1.006  0.994  0.994  1.006  0.992  0.977 1.029  1.045  1.050 o w  

522  516  522  515  507 534  543  54  5 

Actual  secondary 
f low  ra te ,   lbm/sec 

Blade  cavity  total  
p ressure ,   in .  Hg abs 

Blade  cavity  total 
temperature ,  "R 

i 
0.028  0.042  0.050 0.028  0.041  0.054 I --- 0.028  0.040  0.054 

37.65  50.05  58.82 -" 36.560  45.83  51.080 36.943  47.120  58.537 

53 0 53 6 53  7 -" 524  515  507 514  514  503 

0. 9377  1.2719  1.5020 --- 0.9218  1.1863  1.5068 0.9248  1.2138 1. 5209 

Hub 

0.633 0.633  0.63  5  0.631 0.640  0.644  0.647  0.639  0.634  0.638  Mean velocity  ratio 
Inlet   cri t ical  

0.703  0.703  0.705  0.701 0.700  0.70 0 0.703 0.707  0.700 0.706 

-~ ~~ 

Tip 0.559 0.558  0.559  0.556 0.566  0.563 0.566 0.575  0.584  0.588 
~ ~~~ ~ ~ ~ ~~ ~~ 



Table IV. 

Tangential  jet  and plain blade  tangential   force  results.  

F / I  
'Trn 

Slo t   s ize  
(in. ) &,& A, F / a  % m j  I&, 

'j rn3  y T m  

1.00 

5.960  1.400  1.029 8.586  0.0456 4.00 
6.296 1.480  1.030 9.598 0.0244 2. 60 0.020 
6. 531  1.480 1.033 9.985  0.0045 

2. 50 0.0052  8.154 1.039 

5.411  1.260  1.034 7.050  0.0752  6.30 
5.688  1.260  1.039 7.446  0.0368 0.030  4.10 Tangent ia l   je t  No. 1 blade 
5.813  1.350 

3.98  0.0407 8.2 82 1.025  1.380  5.855 
0.040 5. 62 

5.897 1.290 1.024 7.790  0.0854  7.44 
5.960 1.280 1.024 7.812 0.0582 

1. 96 0.0164 6. 893 1.014 1.430 /I 4.754 
0.020  3.02 0.033  9 6.756 1.023  1.390 

1.410  1.025 6. 853 0.0424  3.54 
4.751 
4.742 

2.01  0.0177  6.912 1.003 1.370  5.030 
0.030  2.99  0.0344 6.759 0.996  1.340  5.064 

Tangent ia l   j e t  No. 2 blade 4.02 5.115  1.340  0.988 6.772 0.0487 

~ 

4.800  1.400  1.003 6.740  0.0161 2.00 
0.040 4.858 1.370 ' 0.997 6.63  5  0.0315 3.00 

4.00 4.837 
1.350 i 0.997 , 6.510 0. 0483 

Plain  blade 

6.705 1 1.050 11 7. 040 1 1.000 1 '1 1 Design  value 

5.600 ! 1.240 1 1.006 6.980 
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Table V. 

Tangential  jet and plain  blade  tangential  lift  coefficient  results. 

Tangential   jet  NO. 1 

Tangential   jet  No. 2 

Plain  blade 
~ ~~ ~ 

Design  value 

0.942 
0.992 
1.050 

0.993 
11.326  1.085 

1.106 

1.037 
1.128 
1.138 

0.866 
0.913 
0.937 

~~~~ 

I 0.875 10.980 5.177  0.0177 I 2.01  
0.030 ~ 

0.946 11.202 5.266  0.0487  4.02 
0.922 11.147 5.211 0.0344 , 2.99 

2 .00  0.0161  5.087 

0.942 11.267 5. 142  0.0483 4.00 
0.889 11.064 5.140 0.03 15 3.00 0.040 
0.848  10.927 

5.570 11.580  1.122 

7.040  1,090  10.397 



Table VI. 

Tangential  jet  blade  and  plain  blade  measured  and  design  change  in  tangential 
velocity  across  blade row. 

Tangent ia l   j e t  No. 1 b lade  

0. 020-in.   jet   slot  0. 040-in.   jet   slot  0. 030-in.  jet  slot 
P l a i n  Deslgn 

I i l p p  (%) value blade  7 .44 5.62 3. 98 6.30  4.10 2.50  4.00  2.60 1.00 

W 
0 

-1.39 - 9.44 

Mean 
+3.66  -1.42 

~~ ~~ 

1277.50 1247.87 1136.01  1114.36  1115.33  1138.04 1070.71 1222.76 
+2.37 -8.96  -10.70  -10.62  -8.  80 -14.  19 -2.01 

1010.10 1027.65 940.59  1027.53 994.31  1030.15 986.72  984.45 
-1. 71 -8.47  -0.01  -3.24 to. 24 -3.98  -4.20 
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1. 96 value blade 4.00 3.00  2.00 4.02  2.99 2.01 3.54  3.02 

Hub 1247.87 1136.01  1252.55  1283.45 1242.77  1267.82 1266.89  1281.21 1267.98 1249.93 1278.74 WU 
(70 deviation) -8. 96 +O. 38  +2.85  -0.41  +l.  59 +l. 52 +2.67 +l. 61 +O. 16 +2.47 

Mean Wu . 996.94 1027.65 940.59  952.35 963.87  966.47 981.99  953.35  959.49 1004.79  991. 96 
(70 devlation) -8.47  -7.33 -6.21 -5.95 -4.44 -7.23  -6.63 -2.22  -3.47 -2. 99 

T i p  873.71 776.91  790.66 803.56 806.05  819.10  820.29  822.37 841.75 835.17 848.41 W U  
(70 deviation) ' -11.08  -9.  51 -8.03 -7.70 -6 .25  -6.11  -5.88 -3. 66 -4 .41  -2.  89 



,I 
I ,  5315V-151 

Figure 1. Tangential jet blade No, 1 assembly. 
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Figure 4. Sketch of baffle installation details. 
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Figure 5. Bench test  slot-to-downstream  suction  surface flow pattern. 
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Figure 6. Annular  cascade  test rig. 
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Figure 7. Measured  and  predicted  surface  critical velocity ratio  distribution  for 
tangential jet blade No. 1. 
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Figure 8. Measured  and  predicted  surface  critical  velocity  ratio  distribution for tangential 
jet blade No. 2. 
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Figure 9. Measured and predicted  surface  critical  velocity  ratio 
distribution for plain  blade hub section. 
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Figure 10. Measured and predicted  surface  critical  velocity  ratio 
distribution for plain blade  mean  section. 
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Figure 11. Measured and predicted  surface  critical  velocity  ratio  distribution 
for plain  blade  tip  section, 
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Figure 12. Mean  section  suction  surface  diffusion 
developed by various  tangential jet configuration. 
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Figure 13. Measured mean section  surface  static  pressure  distribution  for all tangential 
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Figure 14. Variation of corrected  tangential   force with secondary 
flow  for the plain  and  tangential jet blades. 
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Figure  15. Variat ion of corrected  tangent ia l   force with jet momentum 
coefficient  for  plain  and  tangential   jet   blades.  
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Figure 16. Variation of the jet contribution  to the total  mean  section lift with 
percentage of secondary flow rate  for all tangential  jet  configurations. 
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Figure 17. Effect of secondary flow rate on tangential lift 
coefficient  for  various blade configurations. 
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Figure 18. Variation of tangential lift coefficient  with 
jet momentum  coefficient. 
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Vane No, 2 Vane No. 3 

Vane No. 4 Vane No. 5 

Figure 19. Flow  visualization  results for the tangential  jet NO. 1 blade  with  0.020-in. jet 
slot  and 1.00% secondary  flow (Cj, = 0.0045). 
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Figure 20. Flow  visualization  results for the  tangential jet No. 1 blade  with  0.020-in. jet 
slot   and 2.60% secondary  flow (Cj, = 0.0244). 
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Vane No. 4 Vane No, 5 

Figure 21. Flow  visualization  results for the  tangential jet No, 1 blade with  0.020-in. jet 
slot  and 4.00% secondary flow (Cj, = 0.0456). 
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Vane No. 4 Vane No. 5 

Figure 22. Flow  visualization  results  for  the  tangential jet No. 1 blade  with 0.030-in. jet 
slot  and  2.50%  secondary  flow (C = 0.0052). 
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Figure 23. Flow  visualization  results  for  the  tangential  jet No. 1 blade with  0.030-in. jet 
slot  and 4.10% secondary flow (C = 0.036). j m  



Vane No. 2 Vane No. 3 

Vane No. 4 Vane No. 5 

Figure 24. Flow  visualization  results for the  tangential jet No. 1 blade  with  0.030-in. jet 
slot  and  6.30%  secondary  flow (Cj, = 0.0752). 
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Figure 25. Flow  visualization  results  for  the  tangential jet No. 1 blade  with 0.040-in, jet 
slot  and 3.20% secondary flow. 



Vane No. 2 Vane No. 3 

Vane No. 4 Vane No. 5 

Figure 26. Flow  visualization  results for the  tangential jet No. 1 blade with  0.040-in. jet 
slot   and 3.98% secondary  flow (Cj, = 0.0407). 
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Figure 27. Flow  visualization  results for the  tangential jet No, 1 blade with  0,040-in. jet 
slot  and  5.62%  secondary flow (C = 0.0582). 
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Figure 28. Flow  visualization  results for the  tangential jet No. 1 blade  with  0.040-in.  jet 
slot  and 7.44% secondary flow (C = 0.0854). jm 
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Vane No. 2  Vane No. 3 

Vane No. 4 Vane No. 5 

Figure 29. Flow  visualization  results  for  the  tangential jet No. 2 blade with 0 . 0 2 0 - i ~  jet 
slot  and  1.96%  secondary  flow (C = 0.0164). jrn 
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Vane No. 4 Vane No. 5 

Figure 30. Flow  visualization  results for the tangential jet No. 2 blade  with  0.020-in, jet 
slot and 3.02% secondary flow (C = 0.0339) jm 
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Figure 31. Flow  visualization  results for the tangential jet No. 2 blade with 0.020-in. jet 
slot  and 3.54% secondary flow (Cj = 0.0424). 
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Figure 32. Flow  visualization  results for the  tangential jet No, 2 blade with  0.030-in, jet 
slot  and  2.01%  secondary  flow (Cj, = 0.0177). 
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Figure 33. Flow  visualization  results  for  the  tangential  jet No. 2 blade with  0.030-in, jet 
slot  and 2.99% secondary flow (C = 0.0344). 
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Vane No. 4 Vane No. 5 

Figure 34. Flow  visualization  results  for the tangential jet No. 2 blade  with  0.030-in. jet 
slot  and 4.02% secondary  flow  (Cj = 0.0487). 
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Vane No. 4 Vane No. 5 

Figure 36. Flow visualization results for the tangential jet No. 2 blade with  0.040-in. jet 
slot and 3.00% secondary flow (Cj = 0.0315). m 
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Figure 37. Flow  visualization  results  for  the  tangential jet No. 2 blade with  0,040-in. jet 
slot  and  4.00%  secondary flow (C = 0.0483). 
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Vane No. 2 Vane No. 3 

Vane No. 4 Vane No. 5 
Figure 38. Plain blade flow visualization  results  for  inlet hub static-to-total  pressure 

ratio of 0.74 (design  value). 
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Figure 39. Tangential jet flow as a function of cavity-to-inlet 
total  pressure  ratio. 
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Figure 40. Tangential  jet flow requirements  to  prevent flow separation. 
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Figure 41. Circumferential  variation of tangential jet No. 1 downstream 
gas  angle  with  secondary flow rate at 13.04-in. radial 

position  and 0.040-in. slot  size. 
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Figure 42. Comparison of measured  and  predicted  radial  distribution of downstream  gas 
Tangential jet blade No. 2 

with secondary flow rate for all tangential  jet  configurations. 
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Figure 43. Measured  and  predicted radial variation of the  plain  blade 
average  downstream  gas  angle. 
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Figure 44. Variation of  mean  section  average gas angle at Station 
4 with  secondary flow fo r  each blade configuration. 
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Figure 45. Effect of blade  configuration  and  secondary flow 
rate or blade row mean  section  reaction. 
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Figure 46. Variation of position  and  shape  of  tangential jet 
No. 1 trailing  edge  wake  with  increase in the 

amount of secondary flow. 
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Figure 47. Plain  blade exit wake  survey  total  pressure  distribution  for 
radial position R = 12.97 in. 
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Circumferential  location-degrees 

5315v-54 

Figure 48. Contours of kinetic  energy  loss  coefficient  across 
one  tangential jet No. 1 blade passage at Station 3 (0.020-in. 

slot, mj/mp = 1.00%). 
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5315v-55 

Figure 49. Contours of kinetic  energy  loss  coefficient  across 
one  tangential jet No. 1 blade  passage at Station 3 (0.020-in. 

Slot, kj/IiIp = 2.60%). 
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Figure 50. Contours of kinetic  energy loss coefficient  across 
one  tangential  jet  blade  passage  at  Station 3 (0.02-in.  slot, 

m/mp J = 4.00%). 
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Circumferential  location-degrees 
5315V-59 

Figure 53. Contours of kinetic  energy loss coefficient across 
one  tangential  jet No. 1 blade passage at  Station 3 (0.030-in. 

slot, mj/mp = 6. 30%). 
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5315V-60 

Figure 54. Contours of kinetic  energy  loss  coefficient  across 
one  tangential jet No. 1 blade  passage  at   Station 3 (0.040-in. 

slot,  mj/mp = 3.98%). 
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Figure 55. Contours of kinetic  energy loss coefficient across 
one  tangential  jet No. 1 blade passage at  Station 3 (0.040-in. 

slot,  m-/mP = 5.62%). J 
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Circumferential  location-degrees 

5315V-62 

Figure 56. Contours of kinetic  energy  loss  coefficient  across 
one  tangential  jet No. 1 blade  passage  at  Station 3 (0.040-in. 

slot, m./mp = 7.44%). J 
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Figure 57. Contours of kinetic  energy loss coefficient  across 
one  tangential  jet No. 2 blade  passage  at  Station-3 (0.020-in. 

slot  and  mj/mp = 1.96%). 
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Circumferential location-degrees 
5315V-64 

Figure 58. Contours of kinetic  energy  loss  coefficient  across 
one  tangential jet No. 2 blade passage at Station  3  (0.020-in. 

slot  and  hj/rhp = 3.02%). 
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Circumferential  location-degrees 5315V-65 

Figure 59. Contours of kinetic  energy loss coefficient across 
one  tangential  jet No. 2 blade  passage  at  Station 3 (0.020-in. 

slot  and  mj/& = 3.54%)). P 
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Circumferential location-degrees 
5315V-66 

Figure 60. Contours of kinetic  energy  loss  coefficient  across 
one  tangential  jet No. 2 blade  passage at Station 3 (0.030-in. 

slot and mj/mp = 2.0%). 
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5315V-67 

Figure 61. Contours of kinetic  energy loss coefficient  across 
one  tangential jet No. 2 blade  passage at Station 3 (0.030-in. 

slot  and "Ij/r"p = 2.99%). 
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Circumferential  location-degrees 5315Y-68 

Figure 62. Contours of kinetic  energy loss coefficient across  one  tangential 
jet No. 2 blade  passage at Station  3  (0.030-in.  slot  and mj/fiIp = 4.02%). 
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Circumferential  location-degrees 
5315V-69 

Figure 63. Contours of kinetic  energy  loss  coefficient  across  one 
tangential  jet No. 2 blade  passage at Station 3 (0.040-in.  slot 

and h j /mP = 2.0%). 
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Circumferential  location-degrees 
5315V-71 

Figure  65. Contours of kinetic  energy loss coefficient  across  one 
tangential jet No. 2 blade  passage at Station 3 (0.040-in. 

and  mj/&p = 4.00%). 
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Figure 66. Contours of kinetic  energy  loss  coefficient  across 
one blade  passage-  plain  blade exit wake survey. 
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Figure 67. Circumferential  variation of trailing  edge  midspan  region wake - e distributions  for the 0.040-in.  slot No. 1 and No. 2 jet blades. 
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Circumferential location-degree 

5315V-73 

Figure 68. Contours of kinetic  energy loss coefficient at Station 4 for  tangential jet blade 
NO. 1 (0.020-in.  slot, mj/hp = 1.0%). 
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Figure 69. Contours of kinetic  energy  loss  coefficient at Station 4 for  tangential jet 
blade No. 1 (0,020-in.  slot, mj/fnp = 2.6%)). 
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Figure 73. Contours of kinetic  energy loss coefficient at Station 4 for tangential  jet 
blade No. 1 (0.030-in.  slot, mj/rhp = 6.4%). 



Circumferential location-degree 
5315V-79 

Figure 74. Contours of kinetic  energy  loss  coefficient at Station  4  for  tangential jet 
blade No. 1 (0.040-in.  slot, m j / m p  = 3.94%). 
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Figure 75. Contours of kinetic  energy  loss  coefficient at Station 4 for tangential jet 
blade No, 1 (0.040-in.  slot, mj/lfip = 5.64%). 
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Figure 76. Contours of kinetic  energy loss coefficient  at  Station 4 for tangential  jet 
blade No. 1 (0.040-in.  slot, mj/mp = 7.48%).  



5315V-82 

Figure 77.  Contours of kinetic  energy loss coefficient a t  Station 4 for tangential jet 
blade NO. 2 (0. 020-in. slot, m j / f i p  = 1.97%). 
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Figure 78. Contours of kinetic  energy loss coefficient  at  Station 4 for  tangential  jet 
blade NO, 2 (0 .  (j2ibi11, slot, mjiI%p = 3.00%). 
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Figure 81. Contours of kinetic  energy  loss  coefficient at Station 4 for tangential jet 
blade NO. 2 (0.030-in.  slot, mj/% = 3.08%). 



Circumferential location-degree 

Figure 82. Contours of kinetic  energy loss coefficient at Station 4 for  tangential jet 
blade No. 2 (0.030-in. slot, mj/mp = 4.04%). 
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Figure 83. Contours of kinetic  energy  loss  coefficient at Station 4 for  tangential jet 
blade NO. 2 (0.040-in. Slot, fij/Ikp = 2.03%). 





Figure 85. Contours of kinetic  energy  loss  coefficient at Station 4 for tangential jet 
blade No. 2 (0.040-in.  slot, mj/mp = 3.85%). 
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Figure 86. Contours of kinetic  energy loss coefficient-plain  blade 
downstream  wake  survey. 
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Figure 88. Contours of downstream  gas  angle  measured from axial for the  tangential 
jet  blade No. 1 (0.020-in. slot, m-j/fip = 2.67%). 





- 
5315V-94 

Figure 90. Contours of downstream  gas  angle  measured from axial for the  tangential 
jet blade No. 1 (0.030-in.  slot, mj/mp = 2.5%). 
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Figure 93. Contours of downstream  gas  angle  measured  from  axial for the  tangential 
jet blade No. 1 (0.040-in,  slot, mj, /mP = 3.94%). 



Figure 94.  Contours of downstream  gas  angle  measured  from  axial  for  the  tangential 
jet blade No. 1 (0.040-in.  slot, mj/mp = 5.64%). 



Figure 95. Contours of downstream  gas  angle  measured from axial  for  the  tangential 
. jet  blade No. 1 (0.040-in.  slot, I h j / I k p  = 7.48%). 
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53158-101 

Figure 97. Contours of downstream  gas  angle  measured from axial for the  tangential 
jet  blade NO, 2 (0.020-in.  slot,  mj/fip = 3.00%). 
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Figure 98. Contours of downstream  gas  angle  measured from axial for the  tangential 
jet blade No. 2 (0,020-in.  slot, mj/mp = 3.50%). 
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Figure 99. Contours of downstream  gas  angle  measured from axial for the  tangential 
jet blade No. 2 (0.030-in. slot, mj/hp = 2.0%). 
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Figure 102. Contours of downstream  gas  angle  measured  from  axial for the  tangential 
jet blade No. 2 (0,040-in. slot, mj/mp = 2.03%). 
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Figure 103. Contours of downstream  gas  angle  measured  from  axial for the  tangential 
jet blade No. 2 (0.040-in.  slot, mj/mp = 3.00%). 





Figure 105. Contours of downstream  gas  angle-measured  from  axial- 
plain  blade  downstream wake survey. 
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Figure 106. Radial  variation of circumferentially  mass-averaged  kinetic 
energy loss coefficient  at  trailing  edge  (Station 3) for  all tangential  jet 

configurations, 
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Plain blade  exit  wake  survey-kinetic  energy  loss  coefficient 
at Station 3. 
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Figure 108. Circumferential  variation of mass flow rate  per  unit depth near the 
cascade  center  passage  mean  section  for two tangential jet blade configurations. 
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Figure 109. Variation of overall  mass-averaged  kinetic  energy loss coefficient 
with percent of secondary  flow at tangential jet blade No. 1 trailing edge. 
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Variation of overall  mass-averaged  kinetic  energy  loss  coefficient 
with percent  secondary flow at tangential  jet  blade No. 2 trailing  edge. 
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Figure 111. Radial  variation of boundary layer displacement  thickness at 
trailing  edge  (Station 3) for all tangential jet configurations. 
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Figure 112. Plain  blade  exit  wake  survey-displacement  thickness 
distribution at Station 3. 
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Figure 113. Radial  variation of boundary layer  shape  factor of trailing 
edge  (Station 3) for  tangential jet configurations, 
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Figure 114. Plain  blade  exit wake survey-shape  factor  distribution 
at  Station 3. 
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Figure 115. Effect of secondary flow  on trailing  edge  mean  section 6 * and H 
for  tangential  blades No. 1 and 2. 
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coefficient at Station 4 for all tangential  jet  configurations. 
Figure 116. Radial  variation of circumferentially  mass-averaged  kinetic  energy loss 
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Figure 117. Plain blade downstream wake survey-kinetic  energy  loss 
coefficient  distribution  at  Station 4. 
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Figure 119. Variation of overall  mass  averaged  kinetic  energy  loss 
coefficient with percent  secondary flow at  tangential  jet  blade 

No. 2, Station 4. 
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Figure 120. Radial  variation of boundary layer displacement  thickness at  
Station 4 for all  tangential  jet  configurations. 
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Figure 121. Radial variation of boundary layer shape  factor at Station 4 for 
tangential  jet  configurations. 
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Figure 122. Plain  blade  downstream  wake  survey-shape  factor  distribution 
at Station 4. 
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